The investigation was performed on nickel-base superalloys, with nickel being the most influential alloying ingredient. After thermo-mechanical preparation and corresponding processing, femtosecond laser beam machining has been performed. The laser wavelength was 800 nm. The exposition time, during which the samples have been exposed to the pulses of femtosecond laser beam varied, as well as the average output power. The changes of both the output power and the exposition time enabled the samples to be irradiated with different total energy during each exposition. The changes in samples microstructure were observed with optical and scanning electron microscopy, with energy-dispersive spectrometry, and analyzed as well. Microhardness measurements of both base material and ablated spots have been performed.
Introduction
Nickel-base superalloys have wide use in the environments of elevated temperature and pressure. These materials are applied for many applications that include chemical and metallurgical processing, oil and gas extraction and refining, energy generation, and aerospace propulsion [1] . They are mostly used in gas turbine engines for combustion zone components, afterburners, tailpipes, casing, liner, exhaust ducting, bearing housing and many others [2] . The most desirable characteristic is their ability to withstand loadings at an operating temperature close to their melting point [3] . Superalloys Hastelloy X and Nimonic 263, investigated in this work, consist of a number of chemical elements added to the austenite matrix to improve their chemical, physical and mechanical properties at elevated temperature.
Although the interaction of ultrashort laser pulses with solid targets has been investigated for some time [4] [5] [6] [7] , femtosecond laser beam material interaction has generated a lot of interest in recent years [8] [9] [10] . It is of interest particularly in the ablation process, because the fs pulse duration is less than the typical electron-lattice thermalization time. This feature enables the irradiated material to be driven into an extremely excited state followed by a rapid quenching [11] .
Experiment
In the experiment, the samples of nickel-base superalloys have been exposed to the pulses of fs laser beam. * corresponding author; e-mail:
Aleksander.Kovacevic@phy.bg.ac.yu The chemical composition of the superalloys is listed in Table I . The experimental setup is presented in Fig. 1 . Pump laser (PL), Coherent Verdi 10 W Nd 3+ :YAG 532 nm CW, provides excitation for a femtosecond laser (FS), Coherent Mira 900. The characteristics of the femtosecond laser are: wavelength 800 nm, pulse duration 160 fs, pulse repetition rate 76 MHz, pulse energy ≈ 30 nJ. Focus length of a focusing lens is 5 mm.
The laser average output power varied from ≈ 1.2 to ≈ 1.8 W. The exposition time has been changed from 15 to 60 s (for Hastelloy X) and from 60 to 180 s (for Nimonic 263). The damages have been observed by optical and scanning electron microscopy, together with the energy dispersive analysis. The Vickers microhardness measurements under 0.5 and 1 kg load have been performed as well.
Results and discussion
Irradiated regions of Hastelloy X samples are presented in Fig. 2a (optical microscope) and b (scanning electron microscope, SEM). The regions 1, 2 and 3 correspond to the irradiation periods of 60, 30 and 15 s, respectively. Plasma plume appeared at all cases; however, in the case 3, the plume was more intense than in the previous cases. After 15 s of the ablation in the case 3, the sample was displaced during irradiation. This is noticeable as a line-shaped ablation in Fig. 2 . Each region shows three areas: pear-shaped ablated area (inner), surrounding ring (middle) and the outer ring. The shape of the ablated area is due to the coma of incoming beam. The surrounding (middle) and outer rings kept the original surface structure of the base material. The middle ring also kept the surface color. Changed color of the outer ring suggests the appearance of the deposited material. Due to the regular shape of the outer ring, it is assumed that the deposition occurred directly from the plasma plume without melted phase. SEM micrograph (Fig. 3a) also indicates the non-existence of melted phase in the middle and outer rings.
The comparison of irradiated regions between Hastelloy X (a) and Nimonic 263 (b) samples is presented in The results of the energy dispersion spectroscopy (EDS) analysis show the increase of the Al, Si, Cr and Fe contents at the spots of ablated areas (Table II) . At the same time, the contents of Ni and Mo decreased. The content of W also increased at the spots of ablated areas and their vicinities. The existence of S and increased content of Fe hint at the possibility of FeS forming, which influences the antifriction and wear-resistance properties of the material [12] Both optical and scanning electron microscopy analyses show that initial microcracks, commonly initiated -among other causes -by topologically closed-packed (TCP) phases [3, 13] did not appear. Because of that and because it was noticed that the content of Mo, Co and Ni decreased, it is also assumed that the formation of TCP phases did not occur.
Microhardness measurements were performed with 500 g load. The result, the average of 5 measurements on the base material, was 200 HV 0.5 . In the vicinity of the ablation area (Fig. 4a) , the microhardness remained the same. At the ablation area which showed the greatest appearance of plasma plume, the microhardness increased to 213 HV 0.5 (Fig. 4b) . Increased both the microhard- ness and the content of W and Cr indicate the possibility of carbide formation [13] .
Conclusion
We have investigated the regions of selected nickel-base superalloys, Hastelloy X and Nimonic 263, after the irradiation by fs laser beam.
In the case of Hastelloy X, plasma plume, followed by melting phase, appeared in each irradiation. The interaction affected zone consists of three areas: pear-shaped ablated area (beam affected zone), and surrounding and outer rings. The material deposited in the outer ring directly from plasma plume. In the case of Nimonic 263, the melted phase did not occur due to the characteristics of the material as well as of the laser beam.
As for the EDS analyses, Hastelloy X showed the increase in the content of Al, Si, Cr, Fe and W, and the decrease in Mo, Co and Ni. Optical microscopy and SEM did not reveal any cracks and TCP phases. The ablated areas of Hastelloy X showed the increase in microhardness, compared to the base material.
Above mentioned changes of the base material by fs laser beam ablation process might be of interest for the construction of ultrafine surface structures.
